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Abstract 
Sludge drying is an essential step to reduce the cost of waste treatment but design of sewage sludge dryer is still relatively 
complicated since the drying kinetics is influenced signficantly by shrinkage, cracking and skin formation which occur during 
drying. In this study, the REA (reaction engineering approach) is implemented for the first time to model the convective drying 
of sewage sludge, a highly shrinkable material. The equilibrium activation energy (ǻEv,b) is evaluated according to the 
corresponding drying air humidity and temperature. This is combined with the relative activation energy (ǻEv/ǻEv,b), generated 
from one accurate drying run to produce the activation energy, which describes the internal behavior of the samples during 
drying. A good agreement between experimental and predicted data is observed. The REA is shown to perform comparable or 
even better than the classical diffusion-based model. It can be said that the REA can model the convective drying of sewage 
sludge well. The REA can be implemented for further applications including design and evaluation of sludge dryer. 
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A  surface area of samples    (m2) 
Cp  specific heat of sample    (J.kg.K-1) 
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h  heat transfer coefficient    (W.m-2.K-1) 
hm  mass transfer coefficient    (m.s-1) 
m  sample mass     (kg) 
ms  mass of dried sample    (kg) 
RHb  relative humidity of drying air     
T  sample temperature    (K) 
Ts  surface sample temperature   (K) 
t  time      (s) 
Tb  drying air temperature    (K) 
V  volume of sample    (m3) 
X  moisture content on dry basis   (kg.kg-1) 
Xb  equilibrium moisture content on dry basis   (kg.kg-1) 
Xo  initial moisture content    (kg.kg-1) 
ǻEv  apparent activation energy    (J.mol-1) 
ǻEv,b  ‘equilibrium’ activation energy   (J.mol-1) 
ǻHv  vaporization heat of water    (J.kg-1) 
ȡ  sample density     (kg.m-3) 
ȡv,b  vapor concentration in drying medium  (kg. m-3) 
ȡv,s  surface vapor concentration   (kg.m-3) 
ȡv,sat  saturated vapor concentration   (kg.m-3) 
1. Introduction 
As a result of tremendous increase in number of industries, waste water management has become an 
important sector that needs serious attention. Sludge is waste product generated from waste water treatment usually 
treated by land-filling incineration, landscaping and incorporation in building materials. Because of the large amount 
of sludge produced, it becomes environment and economic burden and this makes appropriate method of sludge 
treatment necessary [1-3]. It is required to have low moisture content of sludge for the treatment in order to reduce 
the cost of processing [2]. Performance of the incinerators may also be determined of the moisture content of sludge 
[3]. In order to reduce the moisture content, mechanical dewatering (solid-liquid separation) including filtration and 
centrifugation is commonly applied but thermal drying also needs to be conducted subsequently since the 
mechanical dewatering is not always sufficient to yield the low moisture content [2]. 
 
Thermal drying of sludge can be conducted in direct dryers, indirect dryers, combined dryers and vacuum 
dryers [4-6]. Drying air temperature, humidity and velocity was reported to affect the drying kinetics of sludge and it 
was shown that temperature was the main factor affecting the drying kinetics [7]. Additives including 
polyelectrolyte and lime were indicated to affect the drying kinetics of sludge [3]. Procedures to design thermal 
dryers of sludge are not easy because of the complex structure of sludge and complicated drying mechanisms. 
Arlabosse et al [8] explained the procedures for design paddle dryer which divides dryer into two zones i.e. paste 
and granular zones. In the paste zone, the drying flux is assumed to be constant while in the granular zone, the 
surface area of dryer is dependent on the mixing shaft and the drying flux is considered to be linearly decreased with 
the moisture content. Similarly, for design of direct agitated dryers of sludge, the mixing number which 
characterizes the dryer and stirrer need to be considered for granular-packing materials while for pasty-like 
materials, the pasty phase is assumed to be a saturated particulate phase [9]. 
 
The drying mechanisms during sludge drying are relatively complicated since three distinct phases occur 
during drying i.e. fluid, sticky and granular phases [10]. In the first few minutes, sludge behaves like viscous liquid 
and the free surface is nearly equal to the heated surface. As drying progresses, the sludge becomes sticky followed 
by the appearance of granular phases [10].  The complexity of drying mechanisms is also caused by several 
phenomena during drying including cracking, shrinkage and formation of skin layer which may influence the drying 
kinetics [11-15]. During drying of sludge, a dry layer appears on the surface while the core of the samples remains 
wet. The formation of skin seems to result in a weak constant rate period and no significant differences during the 
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falling rate period [11]. Tomography study revealed that the structure of sludge is extremely heterogeneous. In 
addition, it was observed that cracking and formation of impermeable skin layer occur during drying [15]. The 
initial cracks enhance the initial drying rate but the formation of skin layer reduces the drying rate [15]. Similarly, 
Tao et al [12] explained that shrinkage and development of crack occur simultaneously which leads to constant 
porosity during drying but the formation of skin layer subsequently retards the drying rate. Tao et al [13] observed 
that the peak drying rate of the sludge with crack is higher than that without crack. For sludge without crack, the 
skin layer is formed initially at the border of top surface and it propagates toward centre and side wall regions. On 
the other hand, for the sludge with crack, the skin layer appears firstly on the top surface between cracks and 
develops towards the side wall region [14]. 
 
Several drying models were proposed to describe the convective drying of sludge [15-18]. Roux et al [17] 
implemented the polynomial function based on sludge desorption theory to relate the drying kinetics during drying 
with the maximum one. A reasonably good agreement towards the experimental data is shown but the model seems 
to be empirical so that the model cannot capture the physics of drying. Tao et al [16] applied diffusion model 
coupled with the system of equations of conservation of drying air based on the cake structure generated by 
tomography and CFD-based simulation is used to solve the problem. Similarly, the diffusion model combined with 
several correction factors incorporating shrinkage and formation skin layer was implemented by Font et al [18] to 
model the convective drying of sewage sludge. 
 
For design and evaluation of sludge dryer, owing to the complicated structure of sludge and several 
phenomena during drying mentioned above, it is desirable to have a simple and physically-meaningful model. The 
model should be able to capture the physics of drying and favorable for quick-decision making in industries. The 
reaction engineering approach (REA) is simple model proposed by X.D. Chen in 1996 and implemented in various 
drying systems. The reaction engineering approach (REA) was applied to describe convective drying of thin layer of 
food materials and it was proven to be accurate and robust [19-23]. The application of the REA has also been shown 
to be useful for non-food materials [24-25]. Indeed, the REA has been proven to be able to model the cyclic drying 
of food materials and non-food materials under time varying humidity and temperature well [25-27]. The REA has 
also been proven to be accurate to model baking of thin layer product and heat treatment of wood under linearly 
increased temperature [28-29]. The REA takes advantages of simplicity, minimum number of experiments to 
generate the parameters and accuracy [30-31]. 
 
Because of the complicated drying mechanisms of sludge and the accuracy of the REA so far, it is 
worthwhile to implement the REA to model the convective drying of sludge. This study is aimed to investigate and 
evaluate the accuracy of the REA to model the convective drying of sludge which has unique characteristics during 
drying including shrinkage, cracking and formation of skin layer as mentioned above. The outline of the paper is as 
follow: firstly, the REA is introduced briefly followed by the application of the REA to model the convective drying 
of sludge. The relevant discussions are provided subsequently. 
 
2. Brief review of the reaction engineering approach (REA) 
The reaction engineering approach (REA) is an application of chemical reactor engineering principles to model 
drying kinetics [30-31]. The recent summary of the reaction engineering approach (REA) was given by Chen [31].  
In general, the drying rate of a material can be expressed as: 
( )bvsvms Ahdt
dX
m
,,
ρρ −−=
        (1) 
where ms is the dried mass of material (kg), t is time (s), X is the average moisture content on a dry basis (kg.kg-
1), ȡv,s is the vapor concentration at the material-air interface (kg.m-3),  ȡv,b is the vapor concentration in the drying 
medium (kg.m-3),  hm is the mass transfer coefficient (m.s-1) and A is the surface area of the material (m2). The mass 
transfer coefficient (hm) is determined based on the established Sherwood number correlations for the geometry and 
flow condition of concern or established experimentally for the specific drying conditions involved. The surface 
vapor concentration (ȡv,s) can be scaled against saturated vapor concentration (ȡv,sat) using the following equation 
[30-31]: 
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where ǻEv represents the additional difficulty to remove moisture from the material beyond the free water effect. 
This ǻEv is moisture content (X) dependent. T is the temperature of the material being dried and ȡv,sat for water can 
be estimated with the following equation: 
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where T is temperature (K) based on the data summarized by Keey [32]. 
The mass balance (equation 1) is then expressed as: 
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The activation energy (ǻEv) is determined experimentally by placing the parameters required for equation (4) in 
its rearranged form: 
 
»»
»»
¼
º
««
««
¬
ª
+−
−=Δ
satv
bv
m
s
v
Ahdt
dX
m
RTE
,
,
1
ln
ρ
ρ
       (5) 
where dX/dt is experimentally determined. Basically, for the given drying run, the parameters on the RHS (right 
hand side) are all known so that the activation energy can be obtained. The dependence of activation energy on 
moisture content on a dry basis X can be normalized as: 
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        (6) 
where f is a function of water content difference, ¨Ev,b is the ‘equilibrium’ activation energy which is the 
maximum ǻEv under relative humidity and temperature of the drying air: 
 
( )bbbv RHRTE ln, −=Δ
       (7) 
Xb is the equilibrium moisture content on a dry basis corresponding to RHb (relative humidity of drying air) and 
Tb (drying air temperature) which can be related to one another through the equilibrium isotherm of the same 
material.  
 
For similar drying condition and initial water content, it is possible to obtain the necessary REA parameters 
(apart from the equilibrium isotherm), expressed in the relative activation energy (ǻEv/ǻEv,b) as indicated in equation 
(6), in one accurate drying experiment. The relative activation energy (ǻEv/ǻEv,b) generated can then be 
implemented to other drying conditions provided the same material and similar initial moisture content since the 
relative activation energy would collapse to the similar profile [20, 30-31]. 
 
Ideally, only one set of accurate experimental data needed to generate the activation energy. In contrast, for 
diffusion-based approach, the diffusivity needs to be extracted from several sets of experimental data. This means 
several experiments are required to obtain the diffusivity (sometimes, multiple types of mass diffusivity). Complex 
optimization procedures need to be conducted subsequently to represent the dependency of diffusivity towards 
moisture content and/or temperature [33-39]. There is no question that both diffusion-based approach and the REA 
require experiments to generate the model parameters. Therefore, the REA is a simple alternative to the more 
complex models.  
 
3. Experimental details 
 The experimental data in this study is derived from the work of Font et al [18]. In order to better understand 
the modeling used in this study, the experimental details of Font et al [18] is reviewed briefly here. The sewage 
sludge used in the experiments had been used for anaerobic digestion and dehydrated mechanically. The analysis 
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indicated that the sewage sludge has the element composition of carbon, hydrogen, nitrogen, sulphur and ash of 
38.8%, 5.2%, 4%, 0.4% and 26.1% respectively [18]. The sewage sludge samples were stored in the refrigerator 
until the use in the experiments. The samples have initial moisture content of 2.4-4.2 kg H2O.kg dry solid-1. The 
sphere samples were formed to give initial diameters of 2.5 cm and 3.3 cm [18]. The experiments were carried out in 
a laboratory convective dryer shown [18]. The sample was placed on a small glass slide and a tiny wire was used to 
support the sample and keep it from flattening. The drying air was introduced by a fan and heated by electrical 
resistor to give the mean velocity of 2-6 m.s-1 and temperature of 32-64 °C [18]. During drying, the weight of the 
samples was recorded by the balance connected to the weight register. A thin thermocouple was used to measure the 
internal temperature of the sample during drying. The various experimental conditions were shown in Table 1. 
 
Table 1. Settings of convective drying of sewage sludge [18] 
Case number Velocity of drying 
air (m.s-1) 
Temperature of 
drying air (°C) 
Initial diameter of 
sample (m) 
1 4.2 40 0.025 
2 5.1 40 0.025 
3 3.8 32 0.025 
4 3.9 40 0.025 
5 2.4 47 0.025 
6 2.5 58 0.025 
 
4. Mathematical modeling 
 For modeling using the REA, the relative activation energy needs to be generated from one accurate drying 
run. In this study, it is generated from the convective drying of case 2 (refer to Table 1). Based on the experimental 
data of moisture content and temperature of the convective drying of case 2, the activation energy (ǻEv) is calculated 
using equation (5) and divided with the equilibrium activation energy (ǻEv) shown in equation (7) to yield the 
relative activation energy (ǻEv/ ǻEv,b). The relationship between the relative activation energy and the moisture 
content difference (X-Xb) is obtained by least square error method using Microsoft Excel® [40]. The relative 
activation energy can be expressed as: 
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The format of the relative activation energy can be varied but in this case, equation (8) seems to be sufficient as it 
is indicated by R2 of 0.998.  Figure 1 indicates the agreement between the fitted and experimental activation energy. 
 
Figure 1. Relative activation energy (ǻEv/ ǻEv,b) of convective drying of sewage sludge of case 2 (refer to Table 1) 
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 Because the size of the sample is relatively large (initial diameter of 2.5 and 3.3 cm), the REA can still be 
implemented but the surface temperature is used in the mass balance [41]. Therefore, the REA can be written as: 
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It is similar with equation (4) but the temperature of concern is the surface temperature (Ts) (K). It is emphasized 
that the reaction engineering approach (REA) does not assume uniform moisture content but the REA evaluates 
average moisture content during drying accurately [26, 41]. In addition, because the sample dimension is quite large, 
the temperature inside the sample may not be uniform and approximation of temperature distribution inside the 
sample is necessary.  The estimation of temperature distribution was presented in details in previous publication 
[41].  
 The heat balance of the convective drying of the sewage sludge can be expressed as: 
 ( ) ( ) vssbavgp Hdt
dX
mTThA
dt
TmCd
Δ+−≈
      (10) 
 
where m is the mass of sample (kg), Cp is the specific heat of sample (J.kg-1.K-1), ǻHv is the vaporization heat (J.kg-
1) and dX/dt is negative when drying occurs.  
 
 In order to yield the profiles of moisture content and average temperature during drying, the mass balance 
implementing the REA and heat balance shown in equations (9) and (10) respectively in conjunction with the 
equilibrium activation energy, relative activation energy and surface temperature are solved simultaneously using 
toolbox ode23s available in Matlab® [42]. The shrinkage relationship used is shown in Appendix. The shrinkage is 
incorporated in the modeling and the change of sample dimension during drying is presented in Appendix. Results 
of modeling are validated towards the experimental data of moisture content and average temperature [18] and 
benchmarked against the diffusion model implemented by Font et al [18].  
 
5. Results and Discussion 
Figures 2 to 17 present the results of modeling of several cases of the convective drying of sewage sludge 
using the reaction engineering approach (REA). Generally, the results match well with the experimental data of 
moisture content and temperature. Figures 2 and 3 show the results of modeling of the convective drying of sewage 
sludge of case 1 (refer to Table 1). A good agreement between the predicted and experimental data is observed. This 
is also confirmed by R2 of moisture content and temperature of 0.998 and 0.936 respectively. Benchmark against 
modeling implemented by Font et al [18] is conducted and it is revealed that the REA yields comparable results. 
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The results of modeling of case 2 (refer to Table 1) are indicated in Figures 4 and 5. The REA describes 
both profiles of moisture content and temperature well. The results of modeling match well with the experimental 
data which is also indicated by R2 of moisture content and temperature profiles of 0.992 and 0.969 respectively. 
Comparison with modeling by Font et al [18] is made and the REA performs better to model the temperature 
profiles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For case 3 and 4 (refer to Table 1), the results of modeling are presented in Figures 6 to 9. The REA models 
the moisture content profiles well but slight discrepancies between the predicted and experimental data are observed. 
Similarly, Font et al [18] modeled the moisture content profiles well but the slight discrepancies between the 
experimental and predicted data are examined. The discrepancies of temperature profiles could be due to the hole 
created by the thermocouple which may lead to a small amount of vaporization and decrease the recorded 
temperature [18]. 
Figure 2. Moisture content profiles of convective 
drying of sewage sludge of case 1 (refer to Table 1) 
Figure 3. Temperature profiles of convective drying 
of sewage sludge of case 1 (refer to Table 1)
Figure 4. Moisture content profiles of convective 
drying of sewage sludge of case 2 (refer to Table 1) 
Figure 5. Temperature profiles of convective drying 
of sewage sludge of case 2 (refer to Table 1)
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Figures 10 to 13 show the results of modeling of case 5 and 6 (refer to Table 1). The REA describes the 
moisture content profiles well. The results of modeling match well with the experimental data which is also 
indicated by R2 higher than 0.99. Benchmarks against the diffusion model implemented by Font et al [18] are 
conducted. For case 5, the diffusion model showed an overestimation of drying rate between drying time of 8000 
and 14000s and underestimation of drying rate during drying time less than 5000s for case 6. For the temperature 
profiles, both the REA and diffusion model implemented by Font et al [18] yields a reasonable agreement towards 
the experimental data. The slight deviation may be because of the hole created by the thermocouple as mentioned 
above. 
 
 
 
 
 
 
 
 
 
 
Figure 6. Moisture content profiles of convective 
drying of sewage sludge of case 3 (refer to Table 1) 
Figure 7. Temperature profiles of convective drying of 
sewage sludge of case 3 (refer to Table 1) 
Figure 8. Moisture content profiles of convective 
drying of sewage sludge of case 4 (refer to Table 1) 
Figure 9. Temperature profiles of convective drying 
of sewage sludge of case 4 (refer to Table 1)
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6. Conclusion 
 
In this study, the REA is implemented to model the convective drying of sewage sludge, the material which 
has complex structure and exhibits various phenomena during drying including cracking, formation of skin layer and 
shrinkage which may influence the drying kinetics [11-15]. The relative activation energy (ǻEv/ǻEv,b)  is generated 
from one accurate drying run and combined with the equilibrium activation energy (ǻEv,b) to produce the unique 
relationship. The mass balance implementing the REA is solved simultaneously with the heat balance to yield the 
profiles of moisture content and temperature during drying. Results of modeling match well with the experimental 
data. Benchmarks against the diffusion model are conducted and it is shown that the REA yields comparable or even 
better results. Therefore, it is argued that the REA is a simple and effective model to model convective drying of 
sludge. 
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Appendix: shrinkage of sewage sludge during drying [18]  
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where V is the volume of sewage sludge during drying (m3), Vo is the initial volume of sewage sludge and Xo is the 
initial moisture content in dry basis (kg H2O.kg dry solid-1) 
